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ABSTRACT: Tall and slender buildings present design challenges to structural engineers regarding their sway stiffness to
withstand strong winds as per building codes with low material cost in mind. In Ireland and the UK, many engineers use linear
static analysis to determine sway of RC structures due to fact that it is less sophisticated and easy to use. Engineers apply analysis
modification factors to modulus of elasticity E and second moment of inertia I in the sway analysis to take into account the reduced
stiffness of walls due to cracked sections and long-term effects.
Non-linear analysis is another approach that can be used. However, it is not popular among many engineers as it requires more
realistic material data input at early stage of the project, and it takes a lot more time to run. The main benefit of non-linear analysis
is that it automatically calculates the reduced stiffness of concrete elements, hence eliminates the requirement of manual
calcualtion of analysis modification factors. The analysis uses multiple iterative approach to identify the location of element’s
plastic stress and its reduced stiffness until final solution is achieved. The reduced stiffness of RC walls due to creep, shrinkage
and time of loadings can also be included.
This study estimates and compares the lateral deflection of a sample seventeen-storey tall building against static wind loads
using Tekla Structural Designer TSD (linear analysis) and ETABS (non-linear analysis). It is found that TSD underestimates the
lateral stiffness of RC cores by 17% as compared with ETABS in this example.
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INTRODUCTION

Slender and high-rise buildings should be designed to satisfy
both strength and serviceability (comfort) design under strong
winds. The lateral displacement induced by wind may not
generate a serious damage to building main structural system.
However, it may cause discomfort to the occupants and damage
to non-structural components. Therefore, sway check of highrise buildings is essential to verify, firstly to ensure that the
integrity of interior finishes and cladding systems is preserved.
Secondly, to ensure that the building is habitable and safe to
operate.
Reinforced concrete cores or shear walls are one of the popular
systems that is used by many engineers to stabilise buildings
against wind loads. They are regarded as primary structural
elements as they provide relatively stiff resistance to horizontal
and vertical loads. They transfer lateral and vertical loads to the
foundations of structures via internal stress distribution that is
generated due to axial, shear, torsional and bending strains.
To estimate the lateral deflection of structures, stiffness is the
critical aspect to determine. The stiffness of shear walls
remains constant as long as bending stresses in the walls are in
elastic range. However, this condition is not always satisfied.
Concrete cracks as bending stresses exceeds the elastic yield
point, this reduces the effective section of the wall which
ultimately reduces its stiffness. As a result, the stresses in one
of the stability shear wall systems redistributes and effects on
other shear walls. Therefore, it is important for structural
engineers to include these effects in their sway designs.
One type of structural analysis that is very popular among
structural engineers is Linear static analysis. This is because

this type of analysis is less sophisticated and easy to use.
However, the downside of this analysis is that, it assumes the
material behaviour remains elastic. Consequently, the forcedisplacement behaviour always remains linear, refer to Figure
1. This assumption is not always correct for reinforced
concrete. Firstly, because the effective modulus of elasticity of
concrete changes over time due to creep, which itself is
dependent on load and load duration. Secondly, the reinforced
concrete section cracks as the stress induced by applied
moment exceeds the elastic point. This reduces the second
moment of inertia of concrete section which in result effects on
curvature and deflection of reinforced concrete members.

Figure 1. Force-displacement or stress-strain relationship of
Hookean material in linear static analysis.
The actual behaviour of reinforced concrete in relation to its
deformation against the load intensity is shown in Figure 2 and
is summarised as follows [1];
Phase 1: Reinforced concrete section is linear until it reaches
the cracking load.
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Phase 2: Once it is cracked, the response of section becomes
non-linear.
Phase 3: In an idealised section, the tensile strength of concrete
section below the neutral axis is ignored, hence it gives
maximum possible curvature.

are in-situ 300 – 350mm flat slabs supported by in-situ concrete
columns, see Figure 3 of typical sub-structure floor level.
Superstructure of tower contains hybrid steel – concrete
materials (i.e. Ground level to roof level). All beams and
columns are steel (grade S355) while the construction of slab
varies between 140mm deep composite and 300mm thick insitu slabs, see Figure 4 for typical superstructure floor level
layout.
North
B

B
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Figure 2. Load – deformation phases of reinforced concrete
section [1]
One way to use linear static analysis to determine the building
sway is by applying cracked section properties uniformly to all
elements by reducing the second moment of area of solid wall.
This is normally carried out by applying analysis modification
factor in most structural design softwares. Gardner [2] suggests
using 50% Igross to Iwalls and 30% Igross to Ilintels for long term
effects. This approach is far simpler but is likely to
underestimate the overall stiffness of shear walls. An element
to element stiffness modification factor i.e. non-linear analysis
is an alternative approach to get more accurate results, however
this may prove to be impractical [2].
Several research [3,4,5] was carried out to investigate the linear
and non-linear response of high rise buildings under lateral
loads. This paper will focus on concrete tall buildings
behaviour when designed using linear or nonlinear analysis as
shown in the following sections.
2

KEY OBJECTIVES

Figure 3. Typical substructure floor detail of tower
B

The main objectives of this study are to use a sample seventeenstorey high-rise and;
 Determine a method to estimate the lateral deflection
of buildings using linear static analysis.
 Investigate maximum sway of tower using non-linear
analysis and compare the results with linear analysis.
 Suggest the suitability of long-term effects factors
from code of practice in determining sway using linear
static analysis especially when some part of the
external façade is inclined.
 Briefly outline the appropriate analysis type to use in
sway check of high-rise buildings.
3

B
North

HIGH-RISE BUILDING CASE STUDY GEOMETRY

It is 61m high-rise building consists of seventeen floors
including three number basement levels. It has five storeys tall
wing over to its north-east corner. It is assumed that most of the
floors space at superstructure are to be used for offices whereas
at substructure, it is assumed that the space will be used for
heavy plants, storage and car parks.
The substructure of the tower is made up of all concrete (i.e.
Basement level -3 to Ground level). The basement floor slabs
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Figure 4. Typical superstructure floor detail of tower
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To stabilise the tower against wind loads, it has five stability
cores and one long spine shear wall i.e. in between cores 4 & 5
as shown in Figure 4. All cores are 250mm thick and are
supported by pile foundation. Cores 1, 2, 3 and 4 run to roof
level however their support level varies. Core 1 is supported at
basement level -2 whereas cores 2, 3 and 4 are supported at
basement level -3.

The spine shear wall runs from basement level -3 to level 13.
And core 5 is located only between level 0 (ground floor level)
and level 5, see Figure 5.
The floor to floor heights are typically 3.8m from ground floor
level above, however it varies between 2.7 to 4.5m from
basement level -3 to ground floor level 0, see Figure 5.
The external façade of tower is light glazed; however the
north face facade is inclined towards the south direction, see
Figure 6.

Cores 3 and 4

4

Long spine
shear wall

LINEAR ANALYSIS IN TSD

Tekla Structural designer (TSD) is used to assess tower
stiffness in this phase. All beam and column members are
modelled as 1D elements whereas all core walls are modelled
as 2D finite elements, FE.
Nominal dead and live loads are applied. Wind loads are
calculated and applied assuming the tower is located in Dublin,
Ireland.

Core 5

Material and section properties:

Figure 5. Section A-A of tower

Inclined external
facade

The characteristic concrete strength used in all TSD models is
C30/37. The corresponding secant modulus of elasticity Ecm is
taken as 32GPa from I.S.EN 1992-1-1 Table 3.1 [7]. It is high
likely that the aggregates used in Ireland contains elements of
limestone. Hence, the Ecm is reduced by 10% i.e. 29.7GPa as
per I.S.EN 1992-1-1 clause 3.1.3(2) [7]. The mean concrete
tensile strength fctm is taken as 2.9N/mm2.
To allow for long term effects (i.e. creep) in the deflection
results, the section properties of concrete elements are modified
by multiplying the section properties E & I values with
modification factors. The following paragraphs show the
procedure used to calculate the modification factor;
STEP 1: Determine Elastic deflections δElastic
Deflection results are firstly noted for gravity and lateral wind
loads of a model by setting all wall properties as uncracked, and
with no modification factors to modulus of elasticity E and
second moment of inertia I. It is assumed that there is no lateral
support provided to core walls at ground floor level. Refer to
Table 1 for summary of deflection results.
Table 1: Deflection results against gravity and lateral loads
Load case
Dead load (DL)
Live load (LL)
Wind from South (Wsouth)
Wind from North (Wnorth)

Deflection results δ (mm)
-24.6
-17.8
54.9
-46.1

From the results, it is noticed that the lateral deflection is only
critical for wind from North with combination of dead and live
loads.
Based on above results, building elastic deflection is calculated
from following load combination;
DL + WL + 0.7LL = 24.6 + 46.1 + 0.7(17.8) = 83.2mm

Figure 6: Section B-B (inclined facade near west side)

STEP 2: Determine creep deflections δcreep
It is assumed that the age of loading for dead loads DL is
between 90 to 365 days, whereas for live loads LL the age of
loading is after 365 days. Therefore, the creep co-efficient
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for DL 𝜑
7.

and LL 𝜑 is 1.25 and 1.0 respectively, see Figure
The concrete is not immersed in water
therefore the effective thickness is 600mm
as per BS8110 recommendation

models i.e. Model 1 and Model 2. E & I modification factors
are kept same as Model 2.
-12.4
-26.8

-23.3

1.25

Figure 8: TSD un-factored dead load deflections (mm)
Figure 7: 30 years DL creep factor for 90-365 days age of
loading, RH 50%
In results, the deflection due to creep δcreep is;
= (𝜑 𝑥 𝛿 ) + (𝜑 𝑥 𝜓 𝑥 𝛿 )
= (1.25 𝑥 24.6 ) + (1.0 𝑥 0.3 𝑥 17.8)
= 35.9mm
STEP 3: Section modification factor in TSD
The E & I modification factors to allow for creep are calculated
as;
.
Modification factor =
=
= 0.70
.

.

𝐸
x𝐼
= 0.72 x 𝐸
x 𝐼
Therefore, 0.7 and 0.35 factors are used for un-cracked and
cracked sections respectively.
Analysis sequence and results:
In linear analysis, it is important to identify wall sections that
will crack or in other words will exceed fctm, limit i.e. 2.9N/mm2
during construction and occupancy phases. Three number of
models are used to complete this assessment via visual
inspection. Details of each stage is summarised as follows;
Model 1 construction stage: It is assumed that the stability cores
will be built using slip-form construction method. And during
the construction, there is a risk that some walls might hit with
high winds and part of the wall section will crack. Therefore,
only RC core walls are modelled. No E & I modification factors
are used. Model is then run against wind load, and cracked wall
sections are noted.
Model 2 Permanent stage: The main purpose of this model is to
identify the additional wall panels that will be cracked at
permanent stage with inclusion of Model 1 results. This model
contains all slabs, beams and columns at all levels. E and I
section properties are modified with 0.35 and 0.7 factor for
cracked and uncracked wall panels respectively.
Model 3 Permanent stage – Final: This is the final model that
is used to predict the actual deflection of Tower 1. The cracked
or uncracked section properties of wall elements used in the
model are based on the combined results from previous two
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Figure 9: TSD un-factored live load deflections (mm)

Figure 10: TSD unfactored Wind180 (wind from North) (mm)
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It is found by inspection that the total lateral deflection of
building is worst when deflections due to DLs and LLs are
combined with deflection due to wind from North, refer to
Figure 8, Figure 9 and Figure 10. Therefore, the total elastic +
creep lateral deflection of building is calculated to be;
δDL + 0.3*δLL + δwind from North = 23.3+0.3(19.4)+62.5=91.6mm
Assuming, the allowable sway = H/500, where height of tower
is 61m. Then, the max. sway is 91.6mm < 122mm (allowable).
5

NON-LINEAR ANALYSIS IN ETABS

Non-linear is performed on same building using ETABS. The
whole process is sub-divided into two stages. At first stage,
non-linear material properties of material are specified, and the
sway of structure is noted using non-linear elastic-plastic
analysis. At second stage, non-linear staged construction
analysis is performed to determine deflection due to long term
effects. The deflections noted in both stages are combined to
output the results.
Material non-linearity:
Figure 11 and Figure 12 show the non-linear stress-strain
curves that are defined for concrete and reinforcement.
In relation to concrete, “Takeda” is used for hysteresis type and
“Mander” for stress-strain curve type. The characteristic
cylinder compressive strength of concrete fck is reduced to
26.7MPa from 30Mpa to allow for 10% reduction in its elastic
modulus.
The non-linear property of reinforcement is modelled by firstly
selecting the material type to be uniaxial. Following on,
“Kinematic” hysteresis type is selected as it dissipates
significant amount of energy and is appropriate for ductile
materials e.g. metals [6].

Defining wall section:
Below is the summary of wall vertical reinforcement used;
 Base - Level 0: B25@200 vertical, B12@200 horizontal.
 Level 0 - Level 4: B20@200 vertical, B10@200 horizontal.
 Level 4 - 10: B16@200 vertical, B10@200 horizontal.
 Level 10 - Roof : B12@200 vertical, B10@200 horizontal.
Each wall section is modelled using “Layered” property. It is
anticipated that the out of plane behaviour of wall is linear
elastic, therefore, the stiffness of wall is reduced to 75%. The
in-plane behaviour of wall is set to non-linear in S22 direction
with reinforcement details as shown above.
Based on the above inputs, ETABS generates wall layer details
for two behaviours i.e. membrane(in-plane) and plate (in & out
of plane). As discussed earlier, the out of plane behaviour of
walls is anticipated as linear therefore such layers are deleted
from the form. Similarly, it is anticipated that the shear
behaviour of walls is elastic hence the horizontal rebar layers
in membrane behaviour are also deleted. Consequently, four
layers are used, two number for each concrete and vertical
reinforcement.
P-delta effects:
“Iterative based on-loads” is selected for each gravity load case
as this approach uses iterative solution to determine P-delta
effects on element to element basis [8]. The effects due to
geometric non-linearity of the structure against the lateral wind
loads are included by selecting “P-delta” option as suggested
by ETABS.
Construction sequence linear static analysis:
Staged construction analysis is used to determine the long term
effects e.g. creep and shrinkage on sway. The summary of
construction sequence is shown in Figure 13. In this analysis,
the time dependent type to “Eurocode 2-2004”, relative
humidity of 50% is selected. It is assumed that the shrinkage
start date at 0 days and the cement type is Class R. Figure 14
and Figure 15 shows the resultant creep and shrinkage graphs
based on inputs. The analysis results are shown in Figure 17.
Stage A: Construction of shear walls (approx. 17 days,
assuming all shear walls are slip-fomed at same time)
Stage B: Steel work erected +Floor slabs are added
(assuming start time is 17 days and duration is
30days.)

Figure 11: Concrete C30/37 stress-strain curve in ETABS

Stage C: SDL + Facade + (ψ2 x Live loads) are added
(assuming start time is 47 days and duration is
365days.)

Figure 13: Construction sequence stages defined in ETABS

Figure 12: Reinforcement stress-strain curve in ETABS

Figure 14: Creep coefficient vs time (days)
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Results:
The overall sway of the building using non-linear analysis is
calculated as to be sum of deflection due to material nonlinearity plus the deflection from construction stage analysis
i.e. 78.4mm, refer to Figure 16 and Figure 17.
δDL + 0.3*δLL + δwind from North + δCS = 17.6+0.3(5.6)+45.1+14 =
78.4mm

The summary of the study is concluded as follows;
 Maximum 91.6mm sway is noted from TSD (i.e.
linear analysis) whereas it is found to be 78.4mm
using ETABS, refer to Figure 18.
 The sway stiffness of building is approximately 17%
higher when analysed with ETABS as compared with
TSD. This is because, ETABS calculates and applies
the reduces stiffness matrix of elements due to plastic
stresses locally. Whereas, in TSD, analysis
modification factors are applied to whole panel.
 A linear analysis is suggested at early stage of project
for sway approximation as more realistic data is
required for non-linear analysis which may not be
available at this stage.
 Non-linear analysis takes a lot more time to run
therefore it may not benefit from commercial aspect at
early project stage.
80
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Figure 15: Shrinkage strain vs time (days)

CONCLUSIONS

Load combination =
DL + 0.3LL +
WL(wind from North)
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Figure 18: Sway comparison between TSD and ETABS
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